Al 2 O 3 films were deposited by atomic layer deposition ͑ALD͒ using trimethylaluminum and O 3 as precursor and oxidant, respectively, at growth temperatures ranging from room temperature to 300°C on Si͑100͒ substrates. Growth rate and refractive index of the Al 2 O 3 films decreased from 0.20 to 0.08 nm/cycle and increased from 1.52 to 1.65, respectively, with increasing growth temperature. The dielectric constant slightly increased from 6.8 to 8 with increasing growth temperature in the same temperature range. Al 2 O 3 films grown using O 3 as oxidant show a smaller hysteresis, lower leakage current density, and higher breakdown field strength compared to those using H 2 O as oxidant at the same growth temperature. X-ray photoelectron spectroscopy showed that the films grown at lower temperatures have a smaller bandgap energy. 1,2 Although Al 2 O 3 films are less attractive as gate dielectric layers due to a relatively small dielectric constant ͑ϳ9͒, a high negative fixed charge density ͑Ͼ10 12 cm −2 ͒, 3 and Al diffusion into the Si surface at high temperatures, 4 they are still studied as solid solutions with Zr and Hf, 5 and as a reaction barrier layer between higher dielectric thin films and a Si substrate.
1,2 Although Al 2 O 3 films are less attractive as gate dielectric layers due to a relatively small dielectric constant ͑ϳ9͒, a high negative fixed charge density ͑Ͼ10 12 cm −2 ͒, 3 and Al diffusion into the Si surface at high temperatures, 4 they are still studied as solid solutions with Zr and Hf, 5 and as a reaction barrier layer between higher dielectric thin films and a Si substrate. 6 Al 2 O 3 films are used in a variety of areas, including a protective coating layer for magnetic read heads 7 besides gate dielectric films of CMOSFETs. Especially, atomic-layer-deposited ͑ALD͒ Al 2 O 3 films grown at growth temperatures ͑T g ͒ Ͻ 200°C show quite reasonable electrical properties such as a low leakage current and a high breakdown field for many applications. 8 The low T g ͑Ͻ200°C͒ is essential for applications where plastic-based substrates are used, because most of the plastic-based substrates severely deform at temperatures Ͼ200°C. Thus, Al 2 O 3 is considered a promising candidate for the gate dielectric of low-temperature poly-Si thin-film transistors on plastic substrates in a flexible display and a passivation layer of organic lightemitting diode to improve the long-term stability of the device. [8] [9] [10] The Al 2 O 3 films grown by ALD can also be used to improve the blocking property against gas permeation of plastic coke bottles where a very low ͑58°C͒ deposition temperature is required. 8 Al 2 O 3 film growth by ALD has been studied using various precursors such as AlCl 3 11,12 and aluminum ethoxide. 13 Especially, trimethylaluminum ͓TMA, Al͑CH 3 ͒ 3 ͔ and H 2 O as precursor and oxidant have been extensively studied due to the very broad ALD process window and excellent ALD mechanism even at a very low temperature, 7, 8, 14 although there is also another report on a newly developed metallorganic Al precursor ͓Al͑MMP͒ 3 ͑aluminum 1-methoxy-2-methyl-2-propoxide͔͒. 15 Groner et al. reported that stable Al 2 O 3 thin films could be deposited by ALD with TMA and H 2 O at a growth temperature as low as 33°C. 8 However, these films had a rather high impurity content ͑especially hydrogen͒ and the process time was abnormally longer due to the polar nature of water; a long time was required to purge out the water molecules from the surface. 8 Plasma-enhanced ALD ͑PEALD͒ using TMA and direct O 2 plasma instead of H 2 O at lower temperatures ͑Ͻ150°C͒ has also been used for the deposition of Al 2 O 3 films on plastic substrates. 16 The ALD of Al 2 O 3 films using TMA and O 3 has been reported by several authors. [17] [18] [19] However, reports on the ALD process and film characteristics at low temperatures ͑Ͻ100°C͒ are rare.
Therefore, in this study, Al 2 O 3 films were grown by ALD at low temperatures ͑30-300°C͒ using TMA and a high concentration of O 3 ͑ϳ400 g/m 3 ͒ as oxidant. It can be anticipated that the process time necessary for the chemical reaction and purge out of the excessively adsorbed surface species is much shorter than that of the ALD process using H 2 O. This is due to the high chemical reactivity between TMA and O 3 and the less sticky nature of O 3 compared to H 2 O, especially at T g Ͻ 100°C. In addition, the impurity content ͑especially hydrogen͒ in the film was expected to be lower because the reactant ͑O 3 ͒ does not contain hydrogen. When the practical applications of the ALD process for the various purposes mentioned above are concerned, the short process time is one of the essential parameters for the cost effectiveness of the production. This is a practical criterion for products where supreme electrical quality is not required.
In this study, the ALD reaction for the Al 2 O 3 film growth was confirmed in the whole temperature region thanks to the high chemical activity of TMA and O 3 . The ALD growth behavior and the good electrical properties of the Al 2 O 3 films grown at a T g of 400°C were previously reported in detail by the authors. 20 In this report, the optimized ALD process conditions that were used in the ALD at a high T g ͑400°C͒ were minimally modified for the Al 2 O 3 film growth at a much lower T g , and the impact of the lowered T g on the film growth behavior and electrical performance was investigated. Rigorous ALD properties of the film at such low T g values, such as the growth rate change with the increase in purge time of the precursor and reactant, were not investigated in the present research. Attention has been paid to the comparison between the performance of the films grown with O 3 and H 2 O as reactant in the same low-T g region. The correlation between the chemical structure of the films and electrical performance was studied in detail using X-ray photoelectron spectroscopy ͑XPS͒.
Experimental
Al 2 O 3 films were deposited using a traveling-wave-type ALD reactor ͑Ever-tek Co., Plus-100͒ on p-type 4-inch-diameter Si͑100͒ wafers. TMA and O 3 were used as aluminum precursor and oxidant, respectively. TMA was kept at 15°C and O 3 was produced using an induction-type O 3 generator ͑Astex, AX8200͒ where an O 2 /N 2 gas mixture was introduced. The O 3 concentration in the produced gas was 400 g/m 3 which was measured by an O 3 concentration monitor ͑AFX, model H1-X͒. Ar ͑900 sccm͒ was used as purge gas. The TMA and O 3 injection times were fixed at 1 and 3 s, respectively. The TMA purge time was 1 s and O 3 purge time was increased to 3 s considering the lower T g in this experiment compared to the previous report. 20 Al 2 O 3 films were deposited at temperatures ranging from 30 to 300°C. Other Al 2 O 3 films were grown with TMA and H 2 O at a T g of 100 and 150°C for comparison with the films using O 3 . The films grown here are actually oxygen-excessive films ͑Al 2 O 3+␦ ͒, but they are called Al 2 O 3 for simplicity.
The film thickness and refractive index ͑n͒ were measured by spectroscopic ellipsometery ͑KLA-Tencor, ASET-F5x͒. Measurements were done over the spectral wavelength range from 250 to 750 nm. The film growth rate ͑thickness increase/cycle͒ was calculated by dividing the ellipsometric thickness by the number of deposition cycles. This method has been proved to be quite accurate by Groner et al. 8 by comparing the ellipsometric thickness with other measurement results using stylus-type tools and X-ray reflectivity ͑XRR͒. The authors also confirmed that the error in the ellipsometric thickness was less than 5% compared with the thickness measured by cross-sectional transmission electron microscopy. 20 In order to minimize the error in the estimation of the growth rate in the presence of interfacial SiO 2 or an Al-silicate layer, 20 rather thick ͑Ͼ30 nm͒ films were grown. In this case, the error in the growth rate estimation due to the presence of an interfacial layer was Ͻ5%.
The impurity content in the films was investigated by Auger electron spectroscopy ͑AES͒ and XPS. A depth profile using both AES and XPS was created by sputtering using accelerated Ar + ion. O 1s and Al 2p core-level spectra and valence band-edge spectra were taken in order to investigate the chemical state of the film and their relationship with the electrical properties of the film. Impurities, such as residual H, OH, and C, were investigated by time of flight secondary-ion mass spectroscopy ͑ToF-SIMS͒ using Cs + sputtering ͑with an acceleration energy of 0.5 keV͒ and Ga + analysis ions ͑with an acceleration energy of 15 keV͒.
To investigate the electrical properties of the Al 2 O 3 films, the metal-insulator-semiconductor capacitors ͑MISCAP͒ were fabricated by depositing Pt-top electrodes using electron-beam evaporation through a shadow mask. Conventional forming gas ͑H 2 /N 2 mixture gas͒ annealing was not performed to keep the electrical properties of the Al 2 O 3 films grown at such a lower temperature. A Hewlett-Packard 4194A impedance meter and a 4140B picoammeter were used for capacitance-voltage ͑C-V͒ and current densityelectric field ͑J-E͒ measurements, respectively. Five to ten capacitors were measured from each sample in order to compensate for local variations. The C-V measurement frequency was 1 MHz. Figure 1 shows the variation in the Al 2 O 3 film growth rate and refractive index as a function of T g . The growth rate of the Al 2 O 3 film decreased drastically from 0.206 nm/cycle at 30°C to ϳ0.093 nm/cycle at 100°C, and above 100°C the T g dependence diminished. At a T g of 300°C, the growth rate becomes ϳ0.083 nm/cycle, which is still slightly higher than that at a T g of 400°C ͑0.076-0.078 nm/cycle͒. 20 This is different from the report by
Results and Discussion
Groner et al. 8 in the similar T g range where the Al 2 O 3 films were grown by ALD using H 2 O as oxidant. They reported that the growth rate of Al 2 O 3 films increases from 0.111 to 0.134 nm/cycle with increasing T g from 33 to 125°C and then slightly decreases to 0.125 nm/cycle at a T g of 177°C. 8 The increase in the growth rate with decreasing T g is generally attributed to the insufficient removal of excessive surface groups that oversaturate the film surface. 21 The ALD film growth rate generally decreases and saturates with increasing purge time at a given T g and given precursor and reactant doses 21 due to an increased removal of excessive surface-adsorbed chemicals. Groner et al. used a long purge time ͑180 s͒ for the removal of excessive hydroxyl groups from the growing film surface when T g was 33°C. Especially for H 2 O, they set the ALD purge time at the point at which the growth rate saturation has occurred. However, in this study, a fixed purge time of 3 s was adopted. Therefore, the increasing growth rate with decreasing T g is attributed to the insufficient removal of excessive surface-adsorbed material, most probably oxygen. This results in an oxygen-excessive and less dense film with decreasing T g , as shown later.
The difference between the actual growth rate and the value at a sufficiently high T g ͑e.g., 0.078 nm/cycle at 400°C in this case͒ can be a good measure for the quality of the ALD process conditions. The Al 2 O 3 film growth rate at a T g of 400°C using H 2 O as reactant was 0.089 nm/cycle, which is slightly larger than that when O 3 is used. 20 The relative growth rate ͑growth rate at T g /growth rate at 400°C͒ was plotted as a function of T g in Fig. 2 . Also shown in Fig. 2 are the data taken from Groner et al. ͑Fig. 6 of Ref. 8͒ where the growth rate was divided by 0.089 nm/cycle, which was the measured growth rate at 400°C using H 2 O as reactant in the authors' experiments because they did not report the growth rate at such a high T g . It was noted that the growth rate of an ALD film can be 
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Journal of The Electrochemical Society, 153 ͑5͒ F69-F76 ͑2006͒ F70 quite variable depending on the process details and reactor types. However, the saturated growth rate at a high enough T g in a genuine ALD mode was almost independent of other process details for the given precursor and reactant ͑TMA and H 2 O in this case͒. Therefore, the normalization of the data taken from Ref. 8 using the authors' saturation growth rate at 400°C for the H 2 O case may be reasonable.
In Groner et al.'s case shown in Fig. 2 , the decreased relative growth rate at T g Ͻ 100°C was ascribed to the less active surface chemical reaction at such a low T g , whereas the decreased relative growth rate at T g Ͼ 125°C was due to the increased surface desorption and/or densification of the film. 8 The higher relative growth rate at T g Ͻ 100°C in this work is due to the insufficient removal of the excessive surface-adsorbed material that was formed during the pulsing steps of TMA and O 3 , as mentioned earlier. However, the relative growth rate already becomes identical and far smaller at a T g of 80 and 100°C, respectively, than that of Groner et al., although the purge time was much smaller in this work ͑3 s vs 20 s͒. This suggests that the purge out of the excessive material ͑mostly O 3 ͒ from the surface is much more favorable in this case, probably due to the less sticky property of O 3 compared to that of H 2 O in such a low T g region. This is an important consideration for the mass production of the films.
According to the more effective removal of the excessive material of the ALD process using O 3 instead of H 2 O, the electrical properties of the low T g films ͑leakage current and breakdown field͒ were much better, as shown later. The electrical performance of the film grown at 30°C in this study was better than that of the film grown at 33°C by Groner et al. ͑higher breakdown field, as shown later͒, although the relative growth rate of the present film was far higher, as shown in Fig. 2 . This was believed to be due to less incorporation of detrimental hydrogen into the film in the case of O 3 as reactant, as shown later by ToF-SIMS.
The variations in the refractive index in Fig. 1 corroborate the reasoning for the variation in the growth rate given above. The refractive index was calculated using the effective medium theory, and the relationship between refractive index and density was estimated by the Gladstone-Dale equation, 22 = K 1 ͑n − 1͒, or the LorentzLorenz formula, 23 = K 2 ͑n 2 − 1͒/͑n 2 + 2͒, where is the density, and K 1 and K 2 are constants. The refractive index of the film grown at a T g of 30°C was 1.52 which is almost identical to that of the film grown at 33°C by Groner et al. 8 Then it suddenly increases to ϳ1.58 at a T g of 50°C and slightly and almost linearly increases with T g up to 300°C, where the value is 1.65. In comparison with the refractive index data ͑1.53-1.57͒ from Groner et al. using H 2 O at T g Ͻ 100°C ͑Fig. 12 of Ref. 8͒ , the values of this study ͑1.58-1.59͒ in the T g range between 50 and 100°C are slightly larger, suggesting a higher density. Although the film density was not measured by other methods, such as XRR, in this study, Groner et al. 8 showed that the density calculated from the Lorentz-Lorenz formula coincides very well with the values calculated from other methods. This is coincident with the smaller relative growth rate and better electrical properties of the present film, as shown later.
Figures 3a-e show the AES depth profiles of the Al 2 O 3 films grown at a T g of 30, 50, 80, 100, and 300°C, respectively. First, it can be observed that the chemical composition, especially the oxygen concentration, was not uniform throughout the film thickness when T g was Ͻ100°C. The detected impurity, mostly carbon, concentration was also quite high when T g was low. The relative intensity variation of the C signal in the AES depth profiling is compared in Fig. 3f . Sputter time in Fig. 3f was the normalized time to reach to the film/substrate interface for the various Al 2 O 3 films. The C concentration for the samples grown at a T g up to 100°C is rather similar but drops down to an almost negligible level at a T g of 300°C. Also included in Fig. 3f are the C intensity data from the Al 2 O 3 samples grown with H 2 O as reactant at a T g of 100 and 150°C, respectively. The C signal intensity of the film grown at 100°C was similar to that of the samples grown with O 3 as reactant in the low-T g region, but it also decreased to a very low level when T g was 150°C. The high carbon content in the film may constitute one of the reasons for the small n in the low T g region. Therefore, it can be concluded that the kind of oxidant does not significantly influence the carbon impurity content in the Al 2 O 3 films in this low-T g region. One significant finding from the AES profiles in Fig. 3a -e is the variation in the O to Al ratio with growth temperature, which is summarized in Fig. 4 . Because of the relative nonuniform concentration profiles for the films grown at a low T g , the O/Al concentration ratio near the surface region is shown in Fig. 4 . Figure 4 also contains the O/Al data from the Al 2 O 3 films grown with H 2 O at a T g of 100 and 150°C, respectively. The quantification of the AES data was performed using the data from ␣-Al 2 O 3 ͑sapphire͒. It has been reported that the vapor-phase grown amorphous Al 2 O 3 films, either by chemical vapor deposition 24 or ALD, 8, 15, 25 usually have an oxygen-excessive concentration. This is also the case here; the film grown with O 3 at 300°C shows the smallest O/Al ratio among the films grown with O 3 as reactant but the ratio is still as high as ϳ1.7 ͑stoichiometric composition is 1.5͒. In the T g region of 30-80°C, the ratio drastically increases up to ϳ2.0. The ratio of the Al 2 O 3 film grown with H 2 O at a T g of 150°C shows the closest composition to the stoichiometric value but is still as high as ϳ1.65. Cho et al. 25 reported a similar O/Al ratio of ϳ1.6 from the ALD Al 2 O 3 film using ͑CH 3 ͒ 2 AlOCH͑CH 3 ͒ 2 and H 2 O at the same T g of 150°C. In case of HfO 2 film growth by ALD using O 3 as an oxidant, Park et al. 26, 27 showed that O/Hf ratio in the films increased with increasing O 3 concentration using XPS and Rutherford backscattering spectroscopy ͑RBS͒. This suggests that O/Hf ratio in the film can be varied by the different oxidation potential of oxygen source. This smaller O/Al ratio even at a lower T g ͑150°C͒ compared to the data from the sample grown with O 3 at 300°C also suggests that the oxidation power of O 3 is relatively higher than that of H 2 O, as expected. The O/Al ratio of the film grown at a T g of 100°C with H 2 O as reactant is as high as 2.3, which is an excessively large number. This might be due to the insufficient removal of surfaceadsorbed H 2 O molecules at such a low T g with a short purge time ͑3 s͒.
Therefore, it can be understood that the ALD process of the film at a lower T g results in oxygen-excessive films with a relatively high C concentration, which may reduce the refractive index ͑as shown in Fig. 1͒ and degrade the electrical properties ͑as shown later͒. Figure 5a shows the ToF-SIMS depth profile results of the samples grown at a T g of 100°C using O 3 or H 2 O as reactant. Figure   5b -d shows the results of H, OH, and C with a linear y-axis scale which shows the differences between the two samples more clearly. Due to the lack of a proper standard for the quantification, only a relative comparison between the signal intensities ͑counts per second͒ has significance. It can be understood that the sample grown with O 3 has a lower residual H concentration compared to the sample using H 2 O as reactant. However, the ToF-SIMS signals corresponding to other impurities, such as OH and C, show a higher intensity for the sample grown with O 3 as reactant. This strongly suggests that the improved electrical properties ͑shown later͒ of the Al 2 O 3 films grown with O 3 as reactant are due to the lower concentration of the deleterious H impurity. The H and OH profiles of the two samples reveal two more interesting findings. First, the H and OH profiles of the sample grown with H 2 O as reactant almost exactly match with each other, suggesting that the residual H and OH were derived from H 2 O. However, for the case of the sample grown with O 3 , the higher OH signal compared to the H signal suggests that the residual OH was derived from the chemical reaction between TMA and O 3 . The lower C signal intensity for the sample grown with H 2 O suggests that the removal of CH 3 by forming CH 4 molecules from the reaction with H 2 O is more active than ligand removal from Al ions by the reaction with O 3 at such a low T g . This might be due to the higher activation energy for the reaction with O 3 which results in noncompleted subreaction. Second, the H and OH signal intensities have higher values near the film surface in both samples, whereas C has a lower intensity near the surface. This might be due to the hydration of the films during their exposure to air after film growth. It can also be observed that the relative increase in the H and OH signal intensity near the surface of the sample grown with H 2 O is higher compared to the sample grown with O 3 as reactant ͑see the difference between the H signal and dashed horizontal line which is drawn as an eye-guide in Fig. 5b͒ . This suggests that the film grown with H 2 O is more vulnerable to hydration compared to the sample grown with O 3 . These findings correspond well to the XPS results shown later. Figure 6 shows the normalized C-V curves at various growth temperatures with ͑a͒ O 3 and ͑b͒ H 2 O as reactant. The C-V curves show well-defined accumulation ͑in the far negative voltage region where the capacitance is high͒ and depletion ͑in the far positive voltage region where the capacitance is low͒ regions, suggesting reasonably good interface properties. The general understanding of the C-V curve shapes from MIS capacitors can be found in textbooks. 28 C-V curves of Al 2 O 3 films grown using O 3 show a flatband voltage shift to the positive bias region compared to that of an ideal C-V curve, which suggests that the Al 2 O 3 films grown by the TMA-O 3 process have negative fixed charges at the Al 2 O 3 /Si interface or within the film. Many groups have reported a similar flatband voltage shift from the Al 2 O 3 /Si system, which has been understood from the inherent negative fixed charge formation at the interface between the amorphous Al 2 O 3 and SiO x interfacial layer. 3 Because of the serious hysteresis phenomena in the C-V curves, as discussed below, the fixed charge density cannot be accurately estimated. In addition to the intrinsic problem related to the electrically imperfect structure of the films, the potential damaging effects from the top electrode fabrication without a further annealing step might also contribute to the large hysteresis.
The rather serious distortion near the accumulation to the depletion region, between 0 and 2 V, of the left portion of the C-V curves of the samples grown at 30, 50, and 80°C, respectively, indicates that the electrical quality of these films is degraded most probably due to the high C concentration and the large O/Al ratio.
The C-V curves of the Al 2 O 3 films grown using H 2 O as reactant at a T g of 100 and 150°C, respectively, are shown in Fig. 6b . These films also show reasonable C-V behaviors but the hysteresis voltage is larger than that of the films grown with O 3 . The variation of the hysteresis voltage ͑V hy ͒, which is defined as the voltage difference between the two branches of the C-V curves at the flatband capaci- 
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The hysteresis of an MIS capacitor might be attributed to the trapping and detrapping of charges, mostly by defects in the films, especially by defects which slowly respond to a voltage sweep. Thus, Al 2 O 3 films grown using O 3 as oxidant contain less defects in comparison with films using H 2 O as oxidant.
The dielectric constant of the Al 2 O 3 films was estimated from the accumulation capacitance of the C-V curves and its variation as a function of T g is shown in Fig. 7 . The dielectric constant of the Al 2 O 3 films grown using O 3 as reactant slightly increased with increasing T g . The dielectric constant of the films grown at T g Ͻ 100°C is 7 ± 0.2 and increases to ϳ8 at a T g of 300°C. These values are reasonable considering the results from other reports. 8, 15 The relatively small dielectric constant of these films compared to crystalline ␣-Al 2 O 3 ͑9-10͒ might be due to the smaller density, as discussed earlier, and the excess oxygen composition. The slight increase of the dielectric constant of the Al 2 O 3 films with increasing T g might be attributed to an increase in film density. The dielectric constant is generally related to the density and decreases with decreasing density due to an increase of void fraction with a lower dielectric constant. The dielectric constant of the Al 2 O 3 films grown by using H 2 O as reactant at a T g of 150°C fits very well into the data set from the samples with O 3 as reactant. However, the dielectric constant of the film with H 2 O as reactant grown at a T g of 100°C is ϳ7% smaller than that of the film grown at the same T g with O 3 as reactant. Note that this film has an O/Al ratio of ϳ2.3, whereas the film with O 3 as reactant has a ratio of ϳ1.8. This clearly shows that the excess oxygen in the film that results in the lower film density is detrimental to the dielectric constant of the film. Figure 8 shows the J-E curves of Al 2 O 3 films grown at various T g with O 3 and H 2 O as reactant, respectively. J of Al 2 O 3 films monotonically decreased with increasing T g in all E regions before a hard breakdown occurred. The breakdown field ͑E bd ͒, defined as the electric field where a sudden increase in J occurs, is generally higher than that reported by Groner et al. higher than 5 MV/cm and increases rapidly with T g and saturates to ϳ8 MV/cm at T g Ͼ 100°C. This is a remarkable improvement compared to the Al 2 O 3 films using H 2 O as reactant. 8 Considering the rather similar refractive index, and thereby similar density, and the even higher O/Al ratio of the Al 2 O 3 films in this study compared with the films from Groner et al., 8 the improved leakage property might result from the less probability of hydrogen incorporation of the ALD process using O 3 as reactant as shown by the ToF-SIMS results ͑Fig. 5͒.
The variation in the chemical binding state with T g and its relationship with the leakage property of the films is investigated in detail using XPS. Figure 9a and b shows the Al 2p and O 1s corelevel spectra of the Al 2 O 3 films grown at the various T g values before surface cleaning by in situ sputtering in the XPS chamber using Ar + ions. The peak positions were calibrated using the adventitious C 1s signal ͑284.8 eV͒. The position of the Al 2p peak is almost 74.2 eV irrespective of T g , as shown in Fig. 9a . The Al 2p position of sapphire is ϳ74.3 eV. 29 However, the position of the O 1s peak gradually shifts from 531.8 to 531.5 eV with increasing T g up to 100°C and suddenly shifts to 530.9 eV at a T g of 300°C. In order to understand this variation, the O 1s peaks are deconvoluted under the assumption that the peaks are composed of two components-one centered at 532.1 eV which is close to AlOOH or Al͑OH͒ 3 and the other centered at ϳ530.7 eV which is close to sapphire. 27 It can be observed that the relative intensity of the peak component with lower binding energy slightly increases with T g up to 100°C and suddenly dominates at 300°C. It is reported that the Al 2p position of AlOOH or Al͑OH͒ 3 is similar with that of Al 2 O 3 , whereas the O 1s position is dependent on the material type. 30 This suggests that the films grown at lower T g ͑Ͻ100°C͒ have residual OH-related ligands due to the incomplete removal of them during film growth. ToF-SIMS analysis showed that there are residual H and OH impurities in the films grown at 100°C ͑Fig. 5͒. However, the presence of AlOOH or Al͑OH͒ 3 can be observed on the film surfaces due to the adventitious adsorption of water from the atmosphere and reaction with the less stable surface of the films grown at such low temperatures when surface cleaning by in situ sputtering was not performed. Therefore, in situ surface cleaning using accelerated Ar + ions was performed for 1 min to minimize the artifact related to the etching process. Figure 10a and b show the XPS spectra of the Al 2p and O 1s core levels of the films grown at a T g of 30, 100, and 300°C, respectively, before and after sputtering for 1 min. The Al 2p peak due to the Al-Al bonding in the film near 72.8 eV, reported by Kim et al., 31 was not found from all the spectra ͑see Fig. 10a͒ . It can be observed that the Al 2p peak positions are almost identical ͑ϳ74.2 eV͒ up to an etching time of 1 min in all three samples. As aforementioned, the Al 2p peak position of sapphire, AlOOH, and Al͑CH͒ 3 are similar. Therefore, the property variations of the films according to T g have to be discussed in conjunction with the O 1s peak positions.
The O 1s peak position at the as-received state ͑nonetched͒ shifts from ϳ530.9 to ϳ531.8 eV when T g decreases from 300 to 30°C. The O 1s peak position of hydroxide ranges from 530.9 to 532.0 eV, whereas that of Al 2 O 3 ranges from 529.9 to 531.8 eV ͑O 1s of sapphire ϳ531.1 eV͒. 29 Therefore, the shift into the higher binding energy direction suggests that the film surface consists of more hydroxide when it was exposed to air as T g decreases. After etching for 1 min the O 1s peaks locate at 531.6, 531.3, and 531.0 eV for the samples grown at 30, 100, and 300°C, respectively. As the sputter etching time increases the O 1s peak shifts into the low-bindingenergy direction, except for the sample grown at a T g of 300°C. The amount of the peak position shift decreases with increasing T g ͑0.6, 0.2, and 0.0 eV, respectively͒, which again suggests the relation between the more resistant nature of the film grown at higher T g upon interaction with humidity in air. Despite Ar + sputtering for 1 min, the O 1s peak position of the film grown at 30°C remains shifted toward higher binding energy than that of sapphire. Considering this phenomenon and the higher O/Al ratio of the film grown at 30°C, ͑as shown in Fig. 4͒ , the film grown at 30°C may include hydroxide in the film bulk as well as film surface, contrary to the films grown at T g values of 100 and 300°C.
The relevance of the Al 2p and O 1s peak positions and their energy spacing from the ALD Al 2 O 3 thin films has been discussed in detail by Min et al. 15 They claimed that the relative position of the peaks ͑energy spacing͒ has a lot more significance than the peak position itself. 15 According to that argument, the energy spacing of the various samples and spectra are summarized in Table I . Because the O 1s peak positions shift toward lower binding energies, the spacing generally decreases after 1 min of etching. The energy spacing after etching for 1 min was between 456.8 and 457.3 eV, whereas the one before etching was larger than that ͑456.9-457.6 eV͒. The energy spacing of sapphire is 456.8 eV, which is close to the values from the surfaces of the samples, especially to the value from the sample grown at 300°C. Actually, Min et al.
claimed that this energy spacing of the surface XPS spectra of their ALD Al 2 O 3 samples grown at T g ranging from 250 to 400°C is close to that of sapphire so that the Al oxidation state of their samples is quite similar to that of sapphire. It should be noted that the chemical composition of the films was also oxygen-excessive ͑Al-O Ϸ 2:3.1͒. 15 However, the energy spacing of the film grown at 30°C is larger than the value from the film grown at 300°C, even after 1 min of sputtering. This suggests that the film grown at 30°C includes hydroxides such as AlOOH or Al͑CH͒ 3 and the chemical composition of the film is oxygen-excessive. Although the energy spacing of the film grown at 100°C before sputtering is larger than the value from the film grown at 300°C, it becomes similar to that of the film grown at 300°C after 1 min of sputtering. This suggests that the film grown at 100°C has lower hydroxide ͑or hydrogen͒ concentration. It is believed that incorporation of hydrogen into the film abruptly decreased above T g of 100°C. This is different from the report by Groner et al. 8 where they reported that Al 2 O 3 film grown at 100°C using H 2 O as oxidant included a considerable amount of hydrogen ͑ϳ14 atom %͒. This is believed to be the reason why the breakdown field of the film grown at 100°C using O 3 as oxidant is two times as high as the value of the film grown at same temperature using H 2 O as oxidant ͑ToF-SIMS results in Fig. 5͒ . Figure 11a and b shows the XPS O 1s loss and valence spectra, respectively, of the films grown at a T g of 30, 100, and 300°C after in situ sputter etching for 1 min. Here the photoelectron energy was calibrated using the adventitious C signal and the Fermi level energy ͑E F ͒ was assumed to be 0 eV. Although the energy loss signals were rather noisy as shown in Fig. 11a , they show a clear trend regarding the variation in the estimated E g with the variation in T g , which are summarized in Table II . Although the films show a smaller E g ͑5.9-6.5 eV͒ compared to that of sapphire ͑8.8 eV͒, the film grown at high T g shows a slightly larger E g . Considering the energy spacing between O 1s and Al 2p of the ALD Al 2 O 3 thin films shown in Table I , it is believed that variation in E g of the film grown as a function of T g is related to the hydration of the material or O/Al ratio in the film. Therefore, it can be understood that the some portion of hydroxide in the films or containment of OH group is the main contributor to the reduction in E g and thus, the degraded electrical performance, such as the decreased E bd , in the ALD Al 2 O 3 films.
The valence band maximum ͑E v ͒ gained from the spectra in Fig.  11b ͑energy difference between E F and E v ͒ are also summarized in Table II . E v on the surfaces ranges from 2.1 ± 0.1 eV ͑for T g = 30°C͒ to 2.6 ± 0.1 eV ͑for T g = 300°C͒. The value of E v smaller than E g /2 suggests that the material is of p-type nature. The hydrated material could have such a largely decreased E g due to the formation density of states extended from both conduction and valence bands into the bandgap, and a small E F -E v value indicates that the excess oxygen composition forms a large density of acceptor sites. It is likely that the excessively present oxygen atoms form acceptor states or increase the density of states in the valence band of the material.
Conclusion
Al 2 O 3 films were deposited by ALD using TMA and O 3 as precursor and oxidant, respectively, at growth temperatures ranging from room temperature to 300°C on Si͑100͒ substrates. Growth rate and refractive index of the Al 2 O 3 films decreased from 0.20 to 0.08 nm and increased from 1.52 to 1.65, respectively, with increasing growth temperature, which is accompanied by an increase in the dielectric constant. Al 2 O 3 films grown using O 3 as oxidant show a smaller hysteresis, lower leakage current density, and higher breakdown field strength compared to those using H 2 O as oxidant at the same growth temperature. The films grown using O 3 as oxidant show a smaller residual hydrogen concentration compared to those using H 2 O as oxidant at a T g of 100°C. However, the residual OH and C impurity concentrations of the films grown using O 3 as oxidant were higher compared to those using H 2 O as oxidant. This suggests that the degraded electric properties of the film grown using H 2 O as oxidant at such a low T g are mainly due to the high concentration of the residual hydrogen. The detailed XPS analysis showed that the films grown at lower temperatures have excessive oxygen in the films, which coincides with the compositional analysis by AES. The excessive O/Al ratio of the film grown at a lower T g made the film vulnerable to hydration by exposure to air. The film grown at a growth temperature of 30°C included hydroxides such as AlOOH or Al͑OH͒ 3 which largely degraded the breakdown field. XPS also showed that the films grown at lower temperatures have a smaller bandgap energy. Increasing growth temperature recovers the bandgap energy but the excessive O concentration results in high acceptor-like traps. The Al 2 O 3 films grown at a temperature as low as 100°C showed reasonable dielectric properties for dielectric film applications on flexible substrates. 
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100 300 E g ͑eV͒ 5.9 ± 0.1 6.3 ± 0.1 6.5 ± 0.1 E F -E v ͑eV͒ 2.1 ± 0.1 2.4 ± 0.1 2.6 ± 0.1 Figure 11 . ͑a͒ XPS O 1s loss spectra and ͑b͒ valence spectra of the films grown at a growth temperature of 30, 100, and 300°C before and after in situ sputter etching for 1 min.
